In the USA, all species of Cervidae are included in the USDA's uniform methods and rules for the eradication of bovine tuberculosis and, therefore, are subject to regulations regarding intradermal tuberculin testing. In reindeer (Rangifer tarandus), infection with Mycobacterium bovis is exceedingly rare and the response of reindeer to infection with M. bovis in pathologic and immunologic terms is unknown. The objectives of the study reported here were to describe the pathologic changes associated with M. bovis infection in reindeer and evaluate the effectiveness of intradermal tuberculin testing as a means of diagnosis of tuberculosis in reindeer. Thirteen reindeer were inoculated intratonsilarly with 10 5 colony-forming units (CFU) of M. bovis, and 4 noninoculated reindeer served as negative controls. The comparative cervical test (CCT) was done on all reindeer 90 and 240 days after inoculation. Thirteen months after inoculation, all reindeer were euthanized and examined. All experimentally inoculated reindeer developed lesions in the medial retropharyngeal lymph nodes. The CCT accurately identified all M. bovis-inoculated reindeer, but false-positive results were common among negative-control reindeer. Modifications of the method for interpretation of the CCT decreased falsepositive results without increasing false-negative results. Reindeer are susceptible to infection with M. bovis; however, lesions are fewer in number, less severe in nature, and less widely disseminated than are those seen in white-tailed deer (Odocoileus virginianus). Comparative cervical skin testing of reindeer can be highly sensitive, but has low specificity. Specificity can be improved by modification of criteria for interpretation of the CCT.
Introduction
Mycobacterium bovis is the principal cause of tuberculosis in ruminants. The US Department of Agriculture (USDA) began a campaign to eradicate tuberculosis from domestic livestock in 1917. In 1994, members of the family Cervidae were added to the bovine tuberculosis eradication program after the discovery of tuberculosis in numerous elk (Cervus elaphus nelsoni) herds in the USA. Under the guidelines of the Uniform Methods and Rules 22 for the eradication of bovine tuberculosis, all species of Cervidae are subject to monitoring for tuberculosis. Intradermal tuberculin testing is the approved means of antemortem diagnosis of tuberculosis in Cervidae. Although the prevalence is low and varies with geographic region, tuberculosis has been reported in various species of Cervidae including elk, 15, 19 red deer (Cervus elaphus), 1 fallow deer (Dama dama), 21 
sika deer (Cervus nip-
From the Bacterial Diseases of Livestock Research Unit, National Animal Disease Center, USDA, 2300 Dayton Ave., (Palmer, Waters, Thacker, Stoffregen); and National Veterinary Services Laboratories, USDA, 1800 Dayton Ave., (Thomsen), Ames, IA, 50010. 1 Corresponding Author: Mitchell V. Palmer, DVM, PhD, National Animal Disease Center, 2300 Dayton Avenue, Ames, IA 50010; email: mpalmer@nadc.ars.usda.gov. pon), 2 axis deer (Axis axis), 16 roe deer (Capreolus capreolus), 7 and white-tailed deer (Odocoileus virginianus). 17 Tuberculosis in reindeer (Rangifer tarandus) is exceedingly rare, 18 and has never been diagnosed in North America. Particularly absent from literature are descriptions of lesions in tuberculous reindeer as well as descriptions of immune response after M. bovis infection. Intradermal tuberculin testing in reindeer results in high numbers of false-positive reactions, and the resultant unnecessary euthanasia of noninfected reindeer. The cause of the high proportion of falsepositive test results is unknown, but may be due to prior exposure to environmental nontuberculous mycobacteria, species specific sensitivity to mycobacterial antigens, or lack of understanding of disease pathogenesis and immune response in reindeer infected with M. bovis. Equally unknown is the ability of intradermal tuberculin testing to accurately identify reindeer truly infected with M. bovis.
The objectives of the study reported here were to describe lesion character and distribution, as well as intradermal tuberculin responses in reindeer experimentally infected with M. bovis. This work should provide much needed information to assist animal health officials in more accurate antemortem diagnosis of tu- Figure 1 . Graphs (scattergrams) used for the interpretation of the comparative cervical skin test in Cervidae, cattle and bison (a), or a proposed scattergram for the interpretation of the comparative cervical skin test in reindeer (b). Notice that graphs differ in the placement of the suspect zone for Cervidae, cattle, bison, or reindeer. berculosis in reindeer, as well as assist in the analysis of risk associated with M. bovis and reindeer.
Materials and methods
Animals. Reindeer were obtained from a herd in southern Michigan with no history of tuberculosis. The herd was regularly skin tested to achieve tuberculosis-free certification. Seventeen 9-month-old reindeer (neutered males) were allotted to 2 groups identified as inoculated (n ϭ 13) and noninoculated (n ϭ 4). Thirteen reindeer were experimentally inoculated by intratonsilar instillation of 10 5 colony-forming units (CFU) of M. bovis strain 1315 as described. 12 Strain 1315 was originally isolated from a white-tailed deer in Michigan in 1995. Reindeer were housed 2-3/pen; each pen was approximately 16 m 2 and was located inside a biosafety level-3 (BL-3) building with directional airflow to prevent room-to-room transfer of air. Airflow velocity was adjusted to provide 10.4 air changes/h in each animal pen, and air was passed through high-efficiency particulate air filters before exiting the building. Reindeer in each pen had access to a circulating watering device and were fed pelleted feed. a Four noninoculated, control reindeer were housed similarly, but in a separate building with no direct contact with inoculated reindeer. All animals were observed twice daily by animal care or veterinary staff. A protocol detailing experimental procedures and animal care was approved by the Institutional Animal Care and Use Committee prior to the study. For comparison of lesion distribution, eleven 9month-old white-tailed deer were inoculated with 10 5 CFU of M. bovis strain 1315 in manner identical to that used for the reindeer. White-tailed deer were housed in BL-3 facilities similar to those used for the reindeer.
Inoculum preparation. Inoculum consisted of mid-logarithmic-phase M. bovis grown for 10 days at 37ЊC in Middlebrook's 7H9 liquid medium supplemented with 10% oleic acid-albumin-dextrose complex b plus 0.05% Tween 80. c To harvest bacilli from the culture medium, cells were pelleted by centrifugation at 750 ϫ g, washed twice with 1 ml of phosphate-buffered saline solution (PBS, 0.01 M, pH 7.2), and diluted to the appropriate density. Enumeration of bacilli was by serial dilution plate counting on Middlebrook's 7H11 selective medium. d Inoculum was stored in 1-ml aliquots at Ϫ80ЊC until used. Twenty-four hours after freezing, a single 1-ml aliquot was removed and bacilli were enumerated by plate counting of serial dilutions on Middlebrook's 7H11 medium. At the time of inoculation, aliquots of inoculum were thawed, diluted to the appropriate concentration on the basis of plate counts described previously. Plate counts were repeated the day of inoculation to retrospectively confirm inoculum dosage.
Intradermal tuberculin testing. All reindeer were tested 90 and 240 days after inoculation using the comparative cervical test (CCT) as described. 22 Briefly, hair was clipped from 2 sites on the right side of the mid-cervical region, and the skin thickness of each site was measured. One-tenth milliliter of M. avium purified-protein derivative (PPD; 0.4 mg/ ml) was injected intradermally in the upper site and 0.1 ml of M. bovis PPD (1 mg/ml) was injected into the lower site. Injection sites were observed, palpated, and measured approximately 24, 48, and 72 hours after injection. Results were interpreted by plotting measurements on a traditional scattergram ( Fig 1A) developed by the USDA for interpretation of the CCT for bison, cattle, and Cervidae (Form VS-6-22D), as well as on a modified scattergram ( Fig 1B) con-ditionally approved for use with reindeer. 20 Results of the CCT were used to classify the reindeer as negative, suspect, or reactor, in relation to exposure to M. bovis, according to USDA guidelines for skin testing. Additionally, at 90 days after inoculation, 2 additional sites on the mid-cervical region were injected with 0.1 ml of M. bovis PPD as described previously. Biopsy specimens were collected from M. bovis PPD injection sites at 24, 48, and 72 hours after inoculation. Injection sites were cleaned with povidone iodine and 100% alcohol, and biopsy specimens were obtained using a 6-mm dermal biopsy punch. e Biopsy sites were closed with 2-0 absorbable suture. f Samples were fixed by immersion in neutral-buffered 10% formalin and were processed in routine manner by use of paraffin embedment techniques. Threemicron-thick sections were cut, stained with hematoxylin and eosin (HE), and examined by light microscopy.
Necropsy. Thirteen months after inoculation, all reindeer were euthanized by intravenous administration of sodium pentobarbital, and a thorough postmortem examination was done. Specimens collected for bacteriologic culture and microscopic examination from inoculated and noninoculated reindeer included tonsil, brain, lung, liver, spleen, and kidney and mandibular, parotid, medial retropharyngeal, tracheobronchial, mediastinal, mesenteric, hepatic, ileocecal, superficial cervical, and prefemoral lymph nodes. Specimens for bacteriologic culture were placed individually in sterile bags and stored at Ϫ80ЊC until processing. Processing of specimens was done as described. 12 Mycobacterial isolates were identified using standard growth and biochemical characteristics. Isolates were confirmed to belong to the M. tuberculosis complex by results of gene probe analysis. g Results were considered positive if M. bovis was isolated. Isolates of mycobacteria that were not members of the M. tuberculosis complex were further identified using 16S ribosomal DNA sequencing as described. 9 Sequences were then identified through the use of a mycobacterial species sequence database. 8 Samples for histologic examination were processed in routine manner and sectioned as described previously for biopsy specimens. Adjacent 3-m-thick sections were cut from specimens with lesions suggestive of tuberculosis (caseonecrotic granulomata) and stained by the Ziehl-Neelsen technique for visualization of acid-fast bacteria. Microscopic findings were considered positive when lesions consistent with tuberculosis contained acid-fast bacilli. White-tailed deer were euthanized 6 months after intratonsilar inoculation, and the same set of tissue samples were collected for bacteriologic culture and microscopic analysis as those collected from the reindeer.
Polymerase chain reaction analysis of formalin-fixed sections. The PCR analysis was used to further evaluate medial retropharyngeal lymph nodes. The analysis was performed on formalin-fixed, paraffin embedded sections to detect IS 6110-an insertion sequence specific for M. tuberculosis complex organisms, which includes M. bovis. 10 The primers used to identify M. tuberculosis complex bacteria amplified a 123-bp fragment of IS6110 and were as follows: 5Ј-CTCGTCCAGCGCCGCTTCGG and 5Ј-CCTGCGAGCGT-AGGCGTCGG. 5 The procedures used followed described methods, except that each reaction contained 20 pM each primer, and the amplification conditions consisted of an initial cycle of 10 minutes at 94ЊC, 50 cycles at 94ЊC for 45 seconds, 72ЊC for 135 seconds, and 72ЊC for 10 minutes. 11 Amplification products were analyzed by electrophoresis of a 15-l sample in 1.5% agarose and staining with ethidium bromide. Any sample that produced a band of expected size, compared with that of the control DNA, was considered positive.
Statistical analysis. Mean values for changes in skin thickness were compared by Student's t-test. Differences were considered significant if probability values of P Ͻ 0.05 were obtained.
Results
Skin testing. Mean changes in skin thickness were significantly greater at the M. bovis PPD injection site in M. bovis-inoculated reindeer than in noninoculated control reindeer at 90 and 240 days after inoculation ( Table 1) . Changes in skin thickness at the M. avium PPD injection site were not significantly different between controls and M. bovis-inoculated reindeer. Use of the standard scattergram for Cervidae categorized all M. bovis-inoculated reindeer as reactors at both times. Use of the scattergram modified for reindeer identified 12 of 13 reindeer as reactors and 1 of 13 reindeer as a suspect 90 days after inoculation. Similar results were obtained from use of the scattergram for cattle and bison. Between 90 and 240 days after inoculation, 3 inoculated reindeer were euthanized because of complications related to handling injuries. Samples were collected as described previously from these animal euthanized prior to the end of the study. At 240 days after inoculation, all reindeer (10/10) were categorized as reactors using the standard scattergram for Cervidae, the modified scattergram for reindeer, or the scattergram for cattle and bison, including the reindeer that had been previously categorized as a suspect at 90 days after inoculation.
In noninoculated control reindeer, interpretation of the CCT at 90 days after inoculation, using the traditional scattergram for Cervidae, identified 2 of 4 reindeer as negative, 1 of 4 as a suspect, and 1 of 4 as a reactor. Use of either the modified scattergram for reindeer or the scattergram for cattle and bison resulted in the reclassification of the suspect and reactor animals, resulting in 3 of 4 negative reindeer and 1 of 4 suspect reindeer. At 240 days after inoculation, use of the traditional scattergram for Cervidae classified 2 of 4 reindeer as reactors and 2 of 4 as negative. Use of the modified scattergram for reindeer or the scattergram for cattle and bison resulted in the reclassification of 1 reactor as a suspect, resulting in 2 of 4 negative, 1 of 4 suspect, and 1 of 4 reactor reindeer.
Microscopic examination of biopsy specimens from skin test sites revealed similar changes among all M. bovis-inoculated reindeer. At 24 hours after inocula- tion, there was moderate-to-marked superficial dermal edema and mild perivascular infiltrates composed principally of neutrophils. The severity of the perivascular neutrophilic infiltrate was increased slightly around vessels in the deep dermis. By 48 hours after inoculation, perivascular infiltrates were more severe and were composed of neutrophils, lymphocytes, and macrophages. At 72 hours after inoculation, perivascular and perineural infiltrates were moderate to marked and were composed of lymphocytes, plasma cells, macrophages, and fewer numbers of neutrophils. Marked edema separated collagen fibers in the deep dermis and striated muscle fibers in the subcutis. Within the deep dermis, fibrinoid degeneration was associated with multiple arterioles, and variable amounts of fibrin were admixed with perivascular inflammatory cell infiltrates. Endothelial cells of affected vessels were enlarged and vacuolated; a few fibrinocellular thrombi were seen in vessels of the deep dermis and subcutis.
Collagen degradation was evident in dermal regions with the greatest inflammatory cell infiltration. Dilated lymphatics contained abundant flocculent eosinophilic material and mixed inflammatory cells. Biopsy specimens from skin test sites of noninoculated control animals were characterized by mild perivascular infiltrates of lymphocytes in the superficial dermis. Significant changes were not observed between time periods, with the exception of control reindeer 123. At 72 hours after inoculation, there were moderate perivascular infiltrates composed of lymphocytes, macrophages, and neutrophils in the deep dermis and subcutis. Similar to that of biopsy specimens from M. bovis-inoculated reindeer, moderate edema was present in the deep dermis and subcutis, with dilated lymphatics and multifocal areas of collagenolysis in areas of marked inflammation.
Necropsy. All experimentally inoculated reindeer developed gross or microscopic lesions consistent with tuberculosis in the medial retropharyngeal lymph nodes ( Table 2) . Lesions also were seen in tonsil (6/ 13), tracheobronchial (4/13), mediastinal (5/13), mandibular (2/13), and mesenteric (2/13) lymph nodes, and lung (3/13). Lesions were not seen, nor were M. bovis bacilli isolated from hepatic, ileocecal, or prefemoral lymph nodes, liver, spleen, brain, or kidney. Gross and microscopic lesions consistent with tuberculosis were not seen in control reindeer, and M. bovis was not isolated from any tissue from any control reindeer. Reindeer (125 and 134) yielded isolates of Corynebacterium spp. and M. duvalii, respectively, from kidney samples.
Grossly, lymph node lesions ranged from focal to multifocal caseonecrotic granulomas to coalescent liquifactive granulomas resembling abscesses (Figs. 2,  3) . Microscopically, tuberculous granulomas in rein- deer were similar to those described for other species of Cervidae. 14, 15 Areas of caseous necrosis were surrounded by infiltrates of epithelioid macrophages, Langhan's type multinucleated giant cells and lymphocytes. Acid-fast bacilli, however, were few in number and invariably located within the necrotic caseum. Examination of multiple sections from the paraffin block of many lymph nodes was required to identify a single acid-fast bacillus.
In 7 of 13 experimentally inoculated reindeer, M. bovis was not isolated from any tissue collected despite the presence of microscopically visible granulomas containing acid-fast bacilli. The PCR analysis of formalin-fixed, paraffin-embedded, medial retropharyngeal lymph nodes was positive for IS6110 in 11 of 13 M. bovis-inoculated reindeer. Five of the 7 reindeer from which M. bovis was not isolated had positive PCR results for the medial retropharyngeal lymph node. Specimens from reindeer 125 and 136 did not yield positive PCR results even on repeated analysis. Both animals were reindeer from which M. bovis was not isolated.
All experimentally inoculated white-tailed deer developed gross or microscopic lesions consistent with tuberculosis in the medial retropharyngeal lymph nodes (Table 3 ). Lesions were also commonly seen or M. bovis was isolated from tonsils (10/11), hepatic (9/ 11), tracheobronchial (6/11), mediastinal (7/11), mandibular (3/11), mesenteric (4/11) and parotid (2/11) lymph nodes, and liver (8/11) and lung (9/11). Lesions were not seen, nor were M. bovis bacilli isolated from ileocecal or prefemoral lymph nodes, spleen, brain, or kidney. Grossly and microscopically, lesions resembled those seen in reindeer and those previously reported in naturally and experimentally infected whitetailed deer. 12, 13 
Discussion
Reindeer are susceptible to experimentally induced infection with M. bovis; however, compared with those in white-tailed deer dosed similarly, lesions were less widespread and less frequent. The reason for such a species difference is not clear. Reindeer may be more resistant to infection with M. bovis than are whitetailed deer. However, experimental intratonsilar inoculation of red deer with doses of M. bovis similar to those used in the study reported here resulted in infection in 90% and lesions in 70% of inoculated animals. 6 This suggests that reindeer are more similar to red deer in their susceptibility and response to infection with M. bovis and that white-tailed deer may be more susceptible to M. bovis than are other species of deer. Differences between reindeer and white-tailed deer may also be due to the difference in duration of study. Although reindeer were examined 13 months after inoculation, white-tailed deer were examined 6 months after inoculation. However, the shorter duration in white-tailed deer would suggest that less severe disease should be expected rather than more severe disease, as was observed in the study. Although there may potentially be differences in response to infection with M. bovis between naturally and experimentally infected reindeer, the paucity of cases of naturally infected reindeer makes experimental inoculation studies necessary.
In the study reported here, use of the traditional scattergram for Cervidae, the modified scattergram for reindeer, or the scattergram for cattle and bison accurately identified experimentally inoculated reindeer. Furthermore, results of this study also documented that M. bovis-infected reindeer develop robust delayed-type hypersensitivity (DTH) reactions in response to intradermal injection of M. bovis PPD and that microscopically, DTH reactions of M. bovis infected reindeer were characteristic of DTH reactions described in other species. 3, 4 These results indicated that identification of reindeer truly infected with M. bovis is feasible using current guidelines. Use of the modified scattergram for reindeer or the scattergrams for cattle and bison decreased the number of false-positive skin test results. Testing of larger numbers of nontuberculous reindeer will be required to determine which of the scattergrams will most appropriately decrease the number of false-positive skin test results. The reason for the high number of reindeer that had microscopic lesions compatible with tuberculosis, but from which M. bovis was not isolated, is not clear. Tuberculous lesions in reindeer lymph nodes were small and unevenly distributed within individual nodes and contained few microscopically visible acid-fast bacilli. These factors increase the likelihood that individual lesions would be unequally divided between samples used for culture and samples used for histologic examination and PCR analysis. Unequal division of tissues during sampling may have resulted in inadequate numbers of viable bacteria in fresh culture samples and relatively more bacteria present in formalinfixed tissue used for histologic examination and PCR analysis. This rationale is supported by the fact that PCR analysis amplified IS6110 in 5 of the 7 inoculated reindeer from which M. bovis was not isolated by bacteriologic culture. Alternatively, after 13 months from inoculation, the viability of bacilli within lesions in reindeer may have been reduced such that recovery through bacteriologic culture was not possible, although amplification of DNA was still possible. Reindeer are susceptible to infection with other mycobacterial agents such as M. avium subsp. paratuberculosis and M. kansasii. Interestingly, lesions in M. kansasiiinfected reindeer closely resemble those seen in M. bovis-inoculated reindeer. h Exposure to nontuberculous mycobacteria has been hypothesized as one reason for the high number of false-positive tuberculin skin test reactions in reindeer. In the study reported here, the only other mycobacterium isolated was M. duvalii from a sample of kidney. Mycobacterium duvalii is commonly associated with soil and is not known to be a pathogen of animals. Other potential causes for falsepositive skin test reactions were not examined in this study. Examination of larger numbers of reindeer will be required to draw relevant conclusions concerning the degree of exposure to, or infection with non tuberculous mycobacteria. 
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